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Abstract 
The day and night vertical distributions of the dominant planktonic 
crustaceans in Xujiahe Reservoir were investigated onJuly 7, 1998. 
Sampling was carried out at Station D in the upstream region, 
Doupuohe, and Stations LI and LII in the downstream region, Lu- 
jiaodao. At Station D and Station LI, Leptodora kindti showed diel 
vertical migrations. In Daphnia galeata nd Diaphanosoma dubia a 
limited reverse diel vertical migration was found at Station D, and 
large individuals tended to stay in lower layers during the day. Neu- 
trodiaptomus incongruens seemed to avoid the water column of 
0-6 m by day, but a detectable proportion of the population moved 
upwards at night. Mesocyclops thermocyclopoides showed a clearly 
defined iel vertical migration behavior at all three stations. The ver- 
tical distribution of Thermocyclops crassus was similar at different 
stations: in daylight hours it was found almost exclusively in the 
water column below 6 m and during the night a significant propor- 
tion of the population shifted upwards. 
Introduction 
In limnetic ecosystems, almost all environmental variables 
change with depth from the epilimnion to the hypolimnion. 
The significance of this vertical heterogeneity in the pelagic 
zone to zooplankton communities has been long recognized 
by limnologists (TAPPA 1965; HUTCHINSON 1967). Most zoo- 
plankton species are quite capable of efficient, directed 
swimming, and exhibit distinct habitat preferences at the 
level of individuals and populations. For many years, light 
has been considered the key factor determining the vertical 
distribution pattern and diel vertical migration (DVM) in 
zooplankton (McNAUGHT & HASLER 1965; HUTCHINSON 
1967). However, biological factors such as food condition, 
competition and predation can also contribute to this phe- 
nomenon (MAKAREWICZ & LIKENS 1975; ZARET & SUFFERN 
1976; GLIWICZ 1986: LAMPERT 1989; DINI & CARPENTER 
1992). The vertical distribution and DVM vary substantially 
among species or even within species among lakes, and at 
different times of a year (STEWART & SUT~ERLAND 1993). 
Xujiahe Reservoir, impounded in 1958 (38 km 2 surface 
area, 789 km 2 catchment area, 778 × 106 m 3 volume, and 6 m 
and 40 m average and maximum depth, respectively), is lo- 
cated in Guangshui (150 km north of Wuhan), Hubei 
province (central China) (Fig. 1). The annual average surface 
water temperature is 14.7 °C (range: 7.0 °C-32.0 °C) and the 
annual average precipitation is 1014 ram. This reservoir has 
been used for irrigation, transportation, a fishery, drinking 
water supply and power generation (WANG & YANG 1995). 
Several cyprinids, e.g. bighead carp (Aristichthys nobilis), 
silver carp (Hypophthalmichthys molitrix) and grass carp 
(Ctenopharyngodon idella), had been stocked in Xujiahe 
Reservoir for many years before the exploitation of the ice- 
fish (Neosalanxpseudotaihuensis), an obligate zooplanktivo- 
rous fish, was started in 1990. Now, the icefish is the domi- 
nant item for the fishery of the reservoir (WANe & YAN~ 
1995). 
This paper investigates the day and night vertical distribu- 
tion of the dominant planktonic crustaceans in Xujiahe 
Reservoir and the results are discussed in light of potential 
competition and predation. 
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Fig. 1. Location of Xujiahe Reservoir and the sampling stations. 
Materials and Methods 
There were three sampling stations: Station D located in the up- 
stream region, Doupuohe, and Station LI and Station LII in the 
downstream region, Lujiaodao (Fig. 1). Station LII was close to the 
shoreline and Station LI was in the open water. The vertically inte- 
grated zooplankton samples were taken with vertical hauls of a clos- 
ing net (180-~m esh, 24-cm diameter) towed vertically at 35 m per 
minute. The net was closed during ascent by a messenger-operated 
net tripper. Samples were preserved in a 4% formalin solution. 
Vertically stratified zooplankton sampling was carried out twice 
on 7th of July, 1998: once at 12:00 h and again at 24:00 h. Sampling 
depths at Station D were: 10-6 m, 6-3 m, and 3-0 m. At Station LI 
and Station LII the sampling depths were: 21-18 m, 18-15 m, 15-12 
m, 12-9 m, 9-6 m, 6-3 m and 3-0 m, and 12-9 m, 9-6 m, 6-3 m, and 
3-0 m, respectively. 
The zooplankton was counted from entire samples when numbers 
were tow, otherwise three subsamples were used for counting. Sizes 
of at least 20 individuals of each species from each depth were mea- 
sured when they were available. Body length of Daphnia was mea- 
sured from the base of the tail spine to the top of the head. For cope- 
pods, the cephalothorax length was measured. Leptodora was mea- 
sured from the anterior margin of the head to the end of furca. 
Water samples for analysis of phytoplankton chlorophyll a and 
dissolved oxygen were collected in a 2.5-1itre modified Ruttner bot- 
tle at 3-meter intervals. Chlorophyll a, corrected for pheopigments, 
was determined fluorometrically after extractions of filters (Gelman 
A/E) in 90% aqueous acetone (LoRENZEN 1967). The Winkler 
method was used for determining dissolved oxygen content (WETZEL 
& LIKENS 1979). Water temperature was measured at 1-metre inter- 
vals using a thermometer. 
Results 
The upstream region, Doupuohe, is much shallower than the 
downstream region, Lujiaodao. Temperature profiles in 
Doupuohe and Lujiaodao were different (Fig. 2). Tempera- 
ture in Doupuohe was higher than in Lujiaodao; the thermo- 
cline occurred in the downstream region Lujiaodao between 
6 and 9 m; and in the upsteam region, Doupuohe, a dramatic 
decline in temperature occurred between 8 and 10 m. At all 
depths chlorophyll a was much higher in Doupuohe than in 
Lujiaodao, and steadily decreased from the surface towards 
the bottom in Lujiaodao. Dissolved oxygen profiles showed a 
similar pattern at both localities, but the concentration was 
higher in Doupuohe than in Lujiaodao. 
Table 1 lists the species of cladocerans and copepods 
found during the day and night sampling. 
Vertical distribution of the dominant 
planktonic crustaceans 
At Station D, Leptodora kindti, a large predaceous crus- 
tacean, exhibited adiel vertical migration behavior (Fig. 3); it 
occurred mainly in the stratum of 3-6 m during daytime and 
in the stratum of 0-3 m at night. The density of L. kindti was 
much higher during the night than during the day. A similar 
vertical distribution was shown by L. kindti at Station LI, but 
the density in the water column was much lower than at sta- 
Table 1. The species of cladocerans and copepods found in vertical 
hauls from all depth levels 
(* = species analyzed for vertical distribution; # = not found). 
Species Doupuohe Lujiaodao 
Daphnia galeata * * 
Diaphanosoma dubia * * 
Moina micrura # 
Bosmina fatalis 
B. coregoni 
Leptodora kindti * * 
Neodiaptomus yangtsekiangensis * 
N. schmackeri 
Schmackeria inopinus 
Neutrodiaptomus incongruens # * 
Thermocyclops taikohuensis * 
T. crassus * * 
Mesocyclops thermocyclopoides * * 
Macrocyclops sp. # 
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tion D (Fig. 4). At Station LII 
the number of L. kindti was very 
small (Fig. 5), and was not suffi- 
cient to reveal any pattern of 
vertical distribution. 
In contrast, there was little 
evidence of a reverse vertical 
migration of the herbivorous 
cladoceran Daphnia galeata at 
Station D, although a major 
fraction of the population did 
not migrate (Fig. 3). At Station 
LID. gaIeata primarily used the 
habitat from the surface to 9 m 
during both day and night, but a 
normal diel vertical migration 
was detectable: the daytime 
mode at 3-6 m ascended at night 
to 0-3 m (Fig. 4). At Station LII 
the daytime modal depth of D. 
gaIeata was between 3 and 6 m, 
and a part of the population ap- 
peared to descend below this 
depth at night (Fig. 4). 
Diaphanosoma dubia was 
very abundant at Station D and 
showed a distribution pattern 
similar to D. galeata: the daytime 
mode near the surface descended 
to 3-6 m at night (Fig. 3). 
The calanoid copepod Neodi- 
aptomus yangtsekiangensis d - 
tributed vertically homoge- 
neously at Station D during both 
day and night (Fig. 3). At Sta- 
tion LI and LII in downstream 
region Lujiaodao, another 
calanoid copepod Neutrodiapto- 
mus incongruens seemed to 
avoid the water column of 0-6 m 
by day, and a detectable propor- 
tion of the population moved 
upwards at night, although a 
major fraction of the population 
was still below 9 m (Figs. 4, 5). 
During the daytime, the verti- 
cal distribution of Thermocy- 
clops taikohuensis was rather 
homogeneous, but during the 
night a part of the population de- 
scended from the surface to 
below 3 m at Station D (Fig. 3). 
The vertical distribution of an- 
other closely related species, 
Thermocyclops crassus, was 
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Fig. 2. Temperature, oxygen and chlorophyll a profiles in Doupuohe and Eujiaodao n 
July 7, 1998. 
L. kindti D. galeata D. dubia N. yangtsekJangensis 
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Fig. 3. Day (open) and night (shaded) vertical distribution of zooplankton at Station D in 
Doupuohe on July 7, 1998. The width of each bar is proportional to the number per haul 
within the sampled stratum of 3 m; the scale (ind. per haul) is indicated underneath each plot. 
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Fig. 5. Day and night vertical distribution of zooplankton at Station LII in 
Lujiaodao n July 7, 1998. (Legend as in Fig. 3). 
rather similar at all three stations: in daylight hours it was 
found exclusively in the water column below 6 m and during 
the night a significant proportion of the population shifted 
upwards (Figs. 3, 4, 5). 
Mesocyclops thermocyclopoides is much larger than both 
T. taikohuensis and T. crassus. There was a clearly defined 
diel migration in 7". thermocyclopoides at all three stations: in 
the daytime it was found mainly in the depths below 6 m at 
Station D, Station LI and below 9 m at Station LII, and, at 
night, the majority of the population was in the stratum of 
0-6 m at all three stations (Figs. 3, 4, 5). 
The size of zooplankton at different depths 
At Station D, the size of L. kindti was significantly smaller 
during the daytime than at night at the same depth (Table 2). 
174 Limnologica 31 (2001) 3 
Table 2. The size (ram) of zooplankton at different depths at Station D in Doupuohe (the size during day and night at the same depth was com- 
pared using an unpaired t-test. ** = p < 0.01; * = p < 0.05; ns = no significance). 
L. kindti D. galeata D. dubia N. yangtsekiangensis 
Day Night Day Night Day Night Day Night 
0-3 m 
mean 
(SD) 
n 
3-6 m 
mean 
(SD) 
n 
6-9 m 
mean 
(SD) 
n 
4.77 0.71 ** 1.11 0.72 * 0.83 0.96 ns 0.91 
(2.01) (0.15) (0.20) (0.18) (0.55) (0.08) (0.07) 
49 21 21 18 20 18 11 
2.79 ** 5.15 1.01 ns 1.09 0.73 * 0.84 0.92 ns 0.86 
(2.85) (1.90) (0.29) (0.25) (0.17) (0.15) (0.13) (0.07) 
15 20 20 21 19 19 22 20 
4.71 1.34 ** 1.09 1.03 ** 0.90 0.92 ns 0.94 
(1.92) (0.13) (0.30) (0.11) (0.14) (0.08) (0.09) 
30 15 24 20 20 25 25 
Z taikohuensis 
Day Night 
T. crassus M. thermocyclopoides 
Day Night Day Night 
0-3 m 
mean 0.84 ** 
(SD) (0.10) 
n 19 
3-6 m 
mean 0.85 * 
(SD) (0.07) 
n 15 
6-9 m 
mean 0.93 * 
(SD) (0.08) 
n 22 
0.93 0.82 1.06 
(0.04) (0.04) (0.07) 
20 8 6 
0.89 0.80 0.89 
(0.041) (0.04) (0.12) 
20 20 20 
0.91 0.82 ns 0.82 1.00 ns 0.92 
(0.05) (0.04) (0.04) (0.07) (0.15) 
20 20 20 20 11 
Similarly, the size of D. galeata, at the depth of 0-3 m was 
also significantly smaller during daytime than at night. No 
significant difference in size was found in the stratum of 3-6 
m. However, the size ofD. galeata at depth of 6-9 m was sig- 
nificantly larger by day than at night. The size of D. dubia in 
the stratum 0-6 m was significantly smaller in the daytime 
than during the night, but the size within the 6-9 m stratum 
during the day was larger than during the night (Table 2). 
Both D. gaIeata and D. dubia were largest in water close to 
the bottom by day (one-way ANOVA, p < 0.001). A similar 
pattern of size distribution was detected for T. taikohuensis. 
No significant difference in size existed either at the same 
depth between day and night or among depths at same time in 
N. yangtsekiangensis, T. crassus and M. thermocyclopoides 
(Table 2). 
Individuals of L. kindti, N. incongrl~ens, and M. thermocy- 
clopoides at 3-6 m at Station LI, and individuals ofD.  galea- 
ta at 15-18 m at Station LI and at 6-9 m at Station LII cap- 
tured at night were larger than those captured during the day 
(Tables 3, 4). 
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Fig. 6. Relative food composition (%) of the icefish Neosalanx 
pseudotaihuensis based on umbers. Numbers of fish analyzed are in 
parentheses. 
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Table 3. The size (mm) of zooplankton at different depths at Station LI in downstrean region Lujiaodao (the size during day and night at the 
same depth was compared using an unpaired t-test. ** = p < 0.01; * = p < 0.05; ns = no significance). 
L. kindti D. galeata N. incongruensis M. thermocyclopoides T. crassus 
Day Night Day Night Day Night Day Night Day Night 
0-3 m 
mean 
(SD) 
n 
3-6 m 
mean 
(SO) 
n 
6-9 m 
mean 
(SD) 
n 
9-12 m 
mean 
(SD) 
n 
12-15 m 
mean 
(SD) 
n 
15-18 m 
mean 
(SD) 
n 
18-21 m 
mean 
(SD) 
n 
4.24 1.22 ns 1.31 0.95 0.95 0.79 
(1.04) (0.28) (0.30) (0.05) (0.05) (0.04) 
20 19 22 25 11 17 
3.29 ** 5.25 1.29 ns 1.23 0.90 * 1.00 0.83 * 0.95 0.81 ns 0.80 
(2.85) (1.90) (0.31) (0.35) (0.09) (0.10) (0.10) (0.06) (0.03) (0.05) 
15 2 20 21 15 19 3 15 3 17 
1.28 ns 1.36 0.93 ns 0.92 0.97 0.81 ns 0.82 
(0.21) (0.20) (0.06) (0.08) (0.09) (0.03) (0.05) 
20 21 25 24 13 21 13 
1.23 ns 1.38 0.96 ns 0.96 0.95 0.79 ns 0.81 
(0.27) (0.20) (0.07) (0.07) (0.04) (0.06) (0.05) 
20 21 25 25 15 20 13 
1.23 ns 1.28 0.95 ns 0.92 0.92 0.82 ns 0.81 
(0.28) (0.24) (0.07) (0.05) (0.02) (0.05) (0.05) 
20 17 15 13 6 15 21 
1.17 * 1.35 0.96 ns 0.99 0.82 ns 0.80 
(0.21) (0.19) (0.07) (0.03) (0.04) (0.05) 
9 21 15 15 17 23 
1.21 ns 1.31 0.99 ns 0.96 0.80 ns 0.82 
(0.24) (0.22) (0.09) (0.10) (0.05) (0.04) 
20 15 15 4 5 19 
Table 4. The size (mm) of zooplankton at different depths at Station LII in Lujiaodao the size during day and night at the same depth was 
compared using an unpaired t-test. ** = p < 0.01; * ; p < 0.05; ns = no significance). 
L. kindti D. galeata N. incongruensts 
Day Night Day Night Day Night 
M. thermocyclopoides T. crassus 
Day Night Day Night 
0-3  m 
mean 
(SD) 
n 
3-6 m 
mean 
(SD) 
n 
6-9 m 
mean 
(SD) 
n 
9-12m 
mean 
(SD) 
n 
4.10 1.23 ns 1.32 0.99 0.91 0.79 
(0.82) (0.28) (0.26) (0.08) (0.09) (0.04) 
10 20 20 22 9 20 
1.27 ns 1.23 0.90 * 0.97 0.91 0.82 
(0.31) (0.33) (0.09) (0.10) (0.10) (0.04) 
22 21 6 16 16 17 
1.23 * 1.41 0.96 ns 0.94 0.79 ns 0.82 
(0.23) (0.22) (0.08) (0.06) (0.05) (0.03) 
20 21 25 24 15 16 
1.41 ns 1.38 0.97 ns 0.93 0.94 0.83 
(0.32) (0.35) (0.07) (0.07) (0.08) (0.06) 
4 20 25 25 8 18 
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The food habit of the icefish 
Neosalanx pseudotaihuensis 
The icefish Neosalanxpseudotaihuensis is a dominant fish in 
Xujiahe reservoir. It is a small pelagic fish (total length 
< 8 cm) distributed mainly in the surface water. Gut content 
analyses of 297 specimens collected using a beach seine in 
June and July 1996 showed that the icefish fed exclusively on 
large crustaceans; rotifers and nauplii were never found in the 
fish guts (Fig. 6). 
Discussion 
In the pelagic zone of a stratified water body the upper, warm 
epilimnion supports a high density of food for zooplankton. 
Beside these potential benefits of temperature and food with- 
in the epilimnion the highest fish predation acts on the zoo- 
plankton in this region. Trade-offs exist between feeding and 
predator avoidance. The deeper, colder hypolimnion where 
light and oxygen are reduced can create a refuge for zoo- 
plankton due to absent or greatly diminished predation 
(WRIGHT & SHAPIRO 1990; TESSlER & WELSER 1991), and 
predation risk by visually oriented fish predators in the epi- 
limnion changes on a diel basis. Zooplankton could optimize 
the trade-offs between predation risk and the beneficial ef- 
fects of temperature and food by undergoing diel vertical mi- 
gration (DVM) (GLIWICZ & PIJANOWSKA 1988). 
Leptodora kindti is a predaceous clodoceran and feeds 
preferentially on juveniles of Daphnia and Diaphanosoma 
(HERZIG & AuER 1990; BRANSTRATOR & LEHMAN 1991). On 
the other hand, L. kindti, particularly large-sized individuals, 
are vulnerable to fish predation (LIU & HERZIG 1996; L~U & 
UIBLEIN 1996). The dominant zooplanktivorous fi h in Xujia- 
he Reservoir, the icefish Neosalanx pseudotaihuensis,  
more abundant in the surface layers where it is thought o 
feed more efficiently due to better light conditions (LIu & 
UIBLEIN 1996). L. kindti is preyed on by the icefish (Fig. 6). 
Although the percentage of L. kindti in fish guts was low, it 
represents a preferable prey for the fish as its relative abun- 
dance in the lake was even lower. Therefore, it is likely that 
the diel vertical migration of L. kindti in this reservoir is to 
avoid fish predation. The extremely low number of L. kindti 
throughout the water column in daylight hours may indicate 
that this species is concentrated near the sediments of the lake 
which makes it difficult to collect by a vertical haul. Addi- 
tional studies are needed to investigate the habitat use in L. 
kindti n daylight hours. 
Based on day and night vertical distributions of the popula- 
tions at Station D, some indication of reverse diel vertical mi- 
gration was detectable in both D. gaIeata and D. dubia. Fur- 
thermore, analysis of vertical size distribution revealed that 
larger animals of both Daphnia and Diaphanosoma tended to 
stay in lower layers of the lake by day. This probably resulted 
from a combined effect of fish predation and invertebrate pre- 
dation. Both Daphnia and Diaphanosoma are heavily preyed 
by the icefish (Fig. 6), and large individuals are more suscep- 
tible to fish predation (L~u & HERZIG 1996) and stay in deeper 
water during the day. L. kindti s known to be capable of de- 
pressing Daphnia and Diaphanosoma densities (LUNTE & 
LUECKE 1990). Mesocyclops thermocyclopoides is also an ef- 
ficient predator (KAWABATA 1991). Both L. kindti and M. ther- 
mocyclopoides are abundant in Doupuohe during the night, 
particularly in the surface water. To escape from invertebrate 
predation, small-sized animals undergo reverse vertical mi- 
gration and hence predator-prey contact is reduced. 
Two closely related species, T. taikohuensis and T. cras- 
sus, differed in vertical distribution pattern at Station D 
(Fig. 3), which may reduce the area of possible competitive 
overlap. The difference in vertical position of these two 
species may also reflect their specific vulnerability to fish 
predation. At two stations in Lujiaodao, T. crassus exhibited 
diel vertical migration (Figs. 4, 5) which may indicate that 
this species is vulnerable to fish predation. 
M. thermocyclopoides is much larger than the other two 
cyclopoids. The most well-defined diel vertical migration 
was found in this species, particularly at Station LI and Sta- 
tion LII. N. incongruens i a large calanoid in this reservoir 
and did not inhabit he water column of 0-6 m during the day 
and had a greater vertical dispersal during the night. Avoid- 
ance of fish predation is most likely the overriding cause of 
the observed iel vertical migration in M. thermocyclopoides 
and of the restriction of vertical distribution of N. incongru- 
ens in the daytime. By avoiding or reducing their density in 
surface layers when fish are abundant in daytime, zooplank- 
ton could largely reduce their mortality from fish predation. 
More dispersed istribution of N. incongruens at night may 
actually reflect he effect of reduced fish predation, uniform- 
ly distributed food (chlorophyll a) and competition with 
other herbivores particularly with Daphnia galeata. 
This short-term investigation shows that vertical distribu- 
tions of the dominant planktonic rustaceans are similar as 
far as the upstream region and downstream region of Xujiahe 
reservoir are compared, but differences exist among species. 
However, these findings need to be confirmed by a long-term 
investigation. Meanwhile, more information regarding the 
vertical distribution and food consumption rate of the most 
important zooplanktivorous fi h, Neosalanx pseudotaihuen- 
sis, is needed to quantify the role of fish in determining the 
vertical distribution patterns of the zooplankton in Xujiahe 
reservoir. 
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